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HIGHLIGHTS 


GRAPHICAL  ABSTRACT 


•  Improved  thermo-mechanical  stabil¬ 
ity  of  thin  film-SOFCs  (TF-SOFCs)  is 
reported. 

•  The  TF-SOFC  is  composed  of  a  600- 
nm-thick  electrolyte  and  nano- 
structured  electrodes. 

•  Multi-scale-architecture  enables  the 
TF-SOFC  to  survive  50  thermal  cycles 
(TCs). 

•  The  TF-SOFC  sustains  a  peak  power 
density  over  1  W  cm-2  at  600  °C  after 
50  TCs. 

•  The  whole  cell  comes  out  intact  after 
over  150  h  of  operation  and  50  TCs. 
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The  thermo-mechanical  stability  of  a  thin-film  and  nanostructure-based  SOFC  (TF-SOFC)  is  assessed  by 
thermal  cycling  tests.  An  ultrathin  bi-layer  electrolyte  composed  of  150-nm-thick  yttria-stabilized  zir- 
conia  (YSZ)  and  450-nm-thick  gadolinia-doped  ceria  (GDC)  is  successfully  built  on  a  NiO-YSZ  anode 
support  the  microstructure  scale  of  which  changes  from  pm  to  nm  (multi-scale  architecture).  The 
concept  of  multi-scale  architecture  in  the  TF-SOFC  not  only  enables  the  reliable  implementation  of  thin- 
film  electrolytes  and  nanostructured  electrodes  to  improve  the  critical  low-temperature  performance  of 
the  SOFC  but  also  secures  the  thermo-mechanical  stability  of  TF-SOFC.  Competent  cell  performance  is 
obtained,  including  a  peak  power  density  about  1.4  W  cm-2  at  600  °C.  The  TF-SOFC  survives  50  thermal 
cycle  tests  between  600  and  400  °C  over  124  h  without  suffering  a  drastic  failure.  Although  some  cell 
output  degradation  is  observed  after  the  thermal  cycling  tests,  the  cell  sustains  a  peak  power  density 
over  1  W  cm-2  at  600  °C,  which  indicates  the  superior  thermo-mechanical  stability  of  the  multi-scale- 
architectured  TF-SOFC. 

©  2013  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

In  the  field  of  solid  oxide  fuel  cell  (SOFC)  research,  thin-film  and 
nanostructured  components  are  being  implemented  at  an  ever- 
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increasing  rate.  In  conventional,  powder-processed  SOFCs,  thin- 
film  components  are  often  employed  to  avoid  high  processing 
temperatures  that  would  cause  chemical  reactions  between  the  cell 
components,  e.g.,  a  ceria-base  barrier  layer  1—3].  More  serious 
applications  of  thin-film  components,  however,  have  been  at¬ 
tempts  to  develop  micro-SOFCs  based  on  micro  electro-mechanical 
system  (MEMS)  techniques  [4-11  ]  and  to  improve  the  performance 
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1  cm 


Gradient-structure  thin-film  (GSTF)  cathode  by  PLD 
(LSC-GDC  nano-composite  cathode/LSC  current 
collecting  layer,  thickness:  -  5  pm) 

Multi-layer  thin-film  electrolyte  fabricated  by  PLD 
(150  nm  YSZ/450  nm  GDC  in  the  present  study) 


Anode  interlayer  with  nm-scale  microstructure 
fabricated  by  PLD  (NiO-YSZ,  thickness:  2-3  pm) 

Anode  support  with  pm-scale  microstructure  fabricated 
by  powder  processing  (NiO-YSZ,  thickness:  1  mm) 


2  cm 

Fig.  1.  A  schematic  showing  the  concept  of  the  multi-scaie-architectured  TF-SOFC.  The  dimensions  of  the  TF-SOFC  in  the  present  report  are  listed. 


of  low-temperature-operation  SOFCs  (LT-SOFCs)  [12-18].  In 
particular,  MEMS-based  micro-SOFCs  have  attracted  attention  due 
to  their  remarkably  high  performance  at  low  temperatures 
including  peak  power  densities  over  1  W  cm-2  at  500  °C  [4,8]. 

Nevertheless,  the  extremely  poor  thermo-mechanical  stability 
of  the  free-standing  MEMS  platform  and  the  unbearably  short 
lifetime  caused  by  the  instability  of  the  nano-porous  noble  metal 
electrodes  have  made  this  technology  unrealistic  so  far.  Very  few 
results  have  been  reported  regarding  the  lifetime  or  degradation  of 
cells  based  on  this  technology  [7],  and  the  level  of  degradation 
(more  than  50%  in  12  h  at  400  °C  [8])  of  micro-SOFCs  in  those  re¬ 
ports  is  far  from  that  needed  for  practical  application.  In  a  previous 
study  by  the  authors  [10],  it  was  shown  that  a  supporting  porous 
structure  made  out  of  anodized  aluminum  oxide  (AAO)  could 
improve  the  degradation  level  to  less  than  10%  after  17  h 
(1000  min).  Although  this  was  quite  a  substantial  improvement,  the 
degradation  is  still  quite  serious. 

To  alleviate  the  thermo-mechanical  frailty  while  at  the  same 
time  obtaining  the  significantly  enhanced  low-temperature  per¬ 
formance  of  thin-film  and  nanostructure-based  SOFCs  (denoted  as 
TF-SOFCs),  the  authors  investigated  the  TF-SOFCs  built  on  con¬ 
ventional  anode  supports  in  previous  reports  [12-14].  Through 
optimization  and  improvements,  peak  power  densities  exceeding 
500  mW  cm-2  at  500  °C  in  an  active  area  of  1  cm  by  1  cm  can  now 
routinely  be  obtained  [19  .  These  achievements  were  possible  by 
realizing  the  cell  platform  based  on  ‘multi-scale  architecture’. 

In  Fig.  1,  a  schematic  shows  the  concept  of  multi-scale  archi¬ 
tecture.  The  main  structural  support  is  fabricated  using  conven¬ 
tional  powder  processing  and  consists  of  micrometer-scale  grains. 
The  anode  interlayer,  which  consists  of  nanometer-scale  grains,  is 
fabricated  using  thin-film  processing  (pulsed  laser  deposition,  PLD, 
in  this  case)  over  the  anode  support  to  complete  the  combination  of 
micro  to  nano-scale  (multi-scale)  microstructures  at  the  anode.  A 
bi-layer  thin-film  electrolyte  having  a  thickness  less  than  1  pm  is 
formed  over  the  nanostructure  interlayer.  The  cathode  is  composed 
of  a  multi-layer  structure  as  well.  Nano-composite  layers  composed 
of  the  mixture  of  electrolyte  and  electrode  materials  are  deposited 
using  PLD.  By  controlling  the  ambient  pressure  during  deposition,  a 
porosity-gradient  structure  can  be  realized  in  the  nano-composite 
cathode  20].  The  top  layer  is  a  single  electrode  material  layer 
that  functions  as  a  current  collecting  layer.  The  lateral  dimensions 
of  the  cell  are  at  the  cm  level,  so  the  whole  cell  contains  multiple 
scales  of  physical  dimensions  (cm— mm-pm— nm).  This  concept  is 
denoted  as  multi-scale  architecture. 

There  are  several  critical  features  that  are  expected  to  remark¬ 
ably  improve  the  thermo-mechanical  stability  of  TF-SOFCs  based 
on  multi-scale  architecture.  First,  the  ultrathin  electrolyte  exhibits 
greatly  improved  stability  in  comparison  with  the  free-standing 
membrane  because  it  is  supported  by  the  nano-porous  structure. 
Second,  the  porosity-gradient  structure  at  both  the  anode  and 
cathode  will  sandwich  the  ultrathin  electrolyte;  as  a  result,  stronger 


electrolyte/electrode  interfaces  can  be  produced.  In  addition,  the 
anode  and  cathode  are  composed  of  nano-composites  of  the  elec¬ 
trode  and  electrolyte  materials.  Because  this  composite  material  is 
not  simply  a  single  material  or  a  nano-porous  noble  metal,  the 
degradation  of  the  cell  is  expected  to  be  suppressed  to  quite  an 
extent. 

Even  in  light  of  all  of  these  facts,  an  investigation  regarding  the 
durability  of  a  multi-scaie-architectured  TF-SOFC  has  never  before 
been  quantitatively  performed.  Therefore,  in  the  present  article,  the 
thermo-mechanical  stability  of  the  cells  on  this  platform  is  re¬ 
ported.  To  assess  the  thermo-mechanical  stability  of  the  multi- 


Fig.  2.  Cross-sectional  SEM  micrographs  showing  (a)  the  anode  structure;  (b)  the 
cathode  structure  (inset  shows  the  porosity-gradient  structure  at  the  junction  of  LSC- 
GDC  layers);  and  (c)  the  bi-layer  electrolyte  structure  of  the  multi-scaie-architectured 
TF-SOFC  presented  in  this  study  (taken  after  the  cell  test). 
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Fig.  3.  The  OCV  change  over  the  course  of  thermal  cell  testing. 


scale-architectured  TF-SOFC,  thermal  cycling  tests  were  performed 
after  the  initial  cell  performance  tests,  and  the  change  in  cell  per¬ 
formance  as  a  function  of  number  of  thermal  cycles  was  monitored. 

2.  Experimental 

TF-SOFCs  based  on  a  150-nm-thick  YSZ  reduction  blocking  layer 
and  a  450-nm-thick  GDC  electrolyte  layer  (bi-layer  electrolyte) 
were  fabricated  on  a  compression-molded  NiO-YSZ  anode  support 
with  a  screen-printed  anode  functional  layer  (C-SP  anode).  These  C- 
SP  anode  supports  were  sintered  at  1400  °C  for  3  h.  An  approxi¬ 
mately  3-pm-thick  NiO-YSZ  nano-composite  interlayer  was 
deposited  over  the  C-SP  support  using  PLD  at  a  substrate  temper¬ 
ature  (Ts)  of  700  °C  and  an  ambient  pressure  (Pamb)  for  oxygen  of 
6.67  Pa.  Afterward,  the  whole  support  structure  was  annealed  at 
1200  °C  for  1  h  to  prevent  Ni  agglomeration  during  the  reduction  at 
the  interlayer  [21].  Both  YSZ  and  GDC  thin  films  were  deposited 
over  the  interlayer  at  Ts  =  700  °C  and  Pamb  =  6.67  Pa.  The  process 
conditions  for  the  TF-SOFC  on  the  C-SP  support  are  consistent  with 
those  from  a  previous  work  [13]. 

The  cathode  is  composed  of  three  layers  and  uses  lanthanum 
strontium  cobaltite  (LSC)  as  the  electrode  material:  (1)  a 
Lao.6Sro.4Co03_5  (LSC64)-GDC  nano-composite  layer  deposited  at 
Ts  =  700  °C  and  Pamb  =  26.7  Pa;  (2)  an  LSC64-GDC  nano-composite 
layer  deposited  at  Ts  =  700  °C  and  Pamb  =  40  Pa;  and  (3)  an  LSC64 
single  layer  deposited  at  room  temperature  and  Pamb  =  13.3  Pa.  The 
LSC64-GDC  nano-composite  layers  were  deposited  using  an  LSC64- 
GDC  composite  target  prepared  by  sintering  a  compacted  mixed 
LSC64  and  GDC  powder  pellet  (mixing  volume  ratio  =  1:1)  at 
1200  °C  for  5  h.  After  deposition  of  the  multilayer  cathode,  the 
entire  cell  was  post-annealed  at  650  °C  for  1  h  to  crystallize  the  top 
LSC64  layer.  The  resulting  cathode  thickness  was  approximately 
4.5  pm.  The  fabrication  process  for  the  gradient-structure  thin-film 
(GSTF)  cathode  was  also  described  in  a  previous  work  [20].  The 
microstructure  of  each  cell  was  observed  via  scanning  electron 
microscopy  (SEM,  XL-30  and  Inspect  F50,  FEI). 

To  operate  the  fuel  cell,  air  and  humidified  H2  (3%  FI2O)  were 
used  as  the  oxidant  and  fuel,  respectively,  and  the  flow  rates  of  each 
were  held  constant  at  200  seem.  A  modified  rib  design  of  the 
interconnect  was  used  for  the  cell  test  with  gold  meshes  having 
openings  of  250  pm  by  250  pm.  The  cell  test  configuration  with 
reduced  contact  loss  was  described  in  detail  in  a  previous  work 


[22].  The  cell’s  operating  temperature  varied  from  650  to  400  °C  at 
intervals  of  50  °C,  and  electrochemical  impedance  spectra  (EIS)  and 
current-voltage-power  {I—V—P)  curves  were  obtained  at  each 
temperature.  A  Solartron  impedance  analyzer  with  an  electro¬ 
chemical  interface  (SI1260  and  SI1287,  Solartron)  and  an  Iviumstat 
electrochemical  analyzer  (Iviumstat,  Ivium  Technologies)  were 
used  to  obtain  these  EIS  and  I-V-P  curves,  and  each  EIS  was 
observed  over  a  frequency  range  from  106  FIz  to  10-1  Hz.  The  AC 
amplitude  of  the  impedance  measurements  was  50  mV. 

After  observing  cell  performance  as  a  function  of  temperature, 
thermal  cycle  tests  between  600  and  400  °C  were  performed.  The 
temperature  was  not  cooled  below  400  °C  because  the  furnace 
temperature  of  the  cell  test  setup  could  not  follow  the  cooling  rate. 
For  the  first  5  cycles,  the  heating  and  cooling  rate  was  5  °C  min-1. 
The  first  5  cycles  were  performed  over  one  day  and  the  heating  and 
cooling  rate  was  changed  to  7  °C  min-1  for  the  next  day  onward. 
The  change  of  the  cooling  rate  and  the  number  of  the  thermal  cycles 
per  day  is  to  accelerate  the  thermal  cycling  condition  after  the 
feasibility  test  on  initial  and  milder  test  conditions  on  day  1.  A  total 
of  50  thermal  cycle  tests  were  completed  before  the  end  of  the 
measurement.  After  every  5  thermal  cycles  and  after  every  over¬ 
night,  EIS  and  I—V—P  measurements  were  acquired  at  600  °C. 

3.  Results  and  discussion 

In  Fig.  2,  cross-sectional  SEM  micrographs  of  the  components  of 
the  multi-scale-architectured  TF-SOFC  after  the  cell  test  are  shown. 
In  Fig.  2(a),  the  multi-scale  anode  substrate  composed  of  the  Ni-YSZ 
support  with  micron-level  grain  sizes  (micro  Ni-YSZ)  and  the  Ni- 
YSZ  interlayer  with  nanometer-level  grain  sizes  (nano  Ni-YSZ)  is 
clearly  displayed.  Because  the  anode  has  been  reduced,  NiO-YSZ 
changed  into  Ni-YSZ.  As  described  in  the  experimental  section, 
the  C-SP  anode  support  is  composed  of  a  compression-molded  and 
highly  porous  anode  substrate  and  a  screen-printed  anode  func¬ 
tional  layer  (AFL).  The  nanostructured  Ni-YSZ  interlayer  fabricated 
by  PLD  is  the  top  layer  of  the  anode  and  supports  the  ultrathin 
electrolyte.  In  Fig.  2(b),  the  layered  structure  of  the  GSTF  cathode  is 
shown.  Because  the  interface  between  neighboring  LSC-GDC  layers 
having  different  porosities  is  rather  unclear,  a  micrograph  of  high- 
angle  annular  dark  field  (HAADF)  transmission  electron  microscopy 
(TEM)  is  shown  in  an  inset  figure.  This  figure  clearly  shows  that  a 
lower-to-higher  porosity  gradient  structure  is  formed  in  the 
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cathode  from  the  interface  of  the  cathode  and  the  electrolyte  to  the 
top  surface.  The  porosity-gradient  structures  realized  both  at  the 
anode  and  the  cathode  are  expected  to  augment  the  thermo¬ 
mechanical  stability  of  the  electrolyte. 

In  Fig.  2(c),  the  bi-layer  electrolyte  is  shown.  Although  the 
electrolyte  exhibits  a  columnar  grain  structure,  through-pinholes 
or  through-cracks  are  not  formed  and  a  dense,  gas-impermeable 
ultrathin  bi-layer  electrolyte  layer  is  fabricated.  The  ultrathin  bi¬ 
layer  electrolyte  does  not  exhibit  any  serious  fracture  or  rupture 
after  the  long  duration  of  the  test,  which  indicates  that  the  multi¬ 
scale  architecture  sustained  the  integrity  of  the  TF-SOFC  success¬ 
fully.  Moreover,  the  composite  approach  to  fabricating  the  anode 
and  cathode  enhanced  the  material  similarity  between  the  elec¬ 
trolyte  and  the  electrodes  (the  bottom  YSZ  electrolyte  layer  to  YSZ 
in  the  Ni-YSZ  interlayer  and  the  top  GDC  electrolyte  layer  to  GDC  in 
the  LSC-GDC  layer),  which  is  also  expected  to  support  the  structural 
stability  of  the  ultrathin  electrolyte. 

In  Fig.  3,  the  open  circuit  voltage  (OCV)  change  as  a  function  of 
the  monitoring  duration  is  marked  from  the  start  of  the  anode 
reduction  process.  The  cell  OCV  values  are  close  to  1.1  V  at  600  °C. 
This  value  is  slightly  lower  than  the  theoretical  OCV  value  at  the 
condition  ( ~  1.13  V),  may  indicate  the  existence  of  the  pinholes  at 
the  thin  electrolyte,  but  it  is  a  high  value  considering  the  thinness  of 
the  electrolyte.  This  result  indicates  that  the  150-nm-thick  YSZ 
blocking  layer  was  formed  without  major  defects  and  successfully 
blocked  the  reduction  of  the  GDC  layer  over  the  entire  active  area 
(1  cm  by  1  cm)  as  in  a  former  study  by  the  authors  [12].  Two 
separate  cell  performance  tests  were  executed  while  changing  the 
temperature  between  650  and  400  °C.  Very  high  cell  performance 
was  observed  in  the  present  study  for  the  anode-supported  SOFC 
using  a  thin-film  electrolyte  and  nanostructured  electrodes; 
notably,  peak  power  densities  of  ~1.4  W  cm-2  at  600  °C  and 
-0.5  W  cm-2  at  500  °C  were  observed.  The  samples  were  held  at 
600  °C  for  one  night  (approximately  12  h)  following  the  initial  cell 
tests,  and  even  though  these  processes  lasted  approximately  24  h, 
no  discernible  cell  performance  degradation  was  observed. 

After  the  initial  screening  of  the  cell  performance,  the  thermo¬ 
mechanical  stability  of  the  cell  was  put  to  the  test  by  practicing 
thermal  cycling.  Fifty  thermal  cycling  tests  lasted  for  6  days.  In 
terms  of  the  OCV,  there  was  no  deterioration  or  degradation  as  can 
be  seen  in  Fig.  3,  which  indicates  the  high  physical  integrity  of  the 
cell  and  especially  of  the  ultrathin  (600  nm)  bi-layer  electrolyte 
membrane.  Considering  that  the  MEMS-based  free-standing  elec¬ 
trolyte  membrane  can  easily  fail  due  to  processing  conditions  or 
slight  temperature  changes  [9,23],  the  thermo-mechanical  stability 
of  the  multi-scale-architectured  TF-SOFC  can  be  said  to  have 
reached  a  significant  level  for  thin-film  and  nanostructure-based 
SOFCs. 

Fig.  4  shows  the  performance  change  during  the  tests.  Fig.  4(a) 
shows  the  I—V—P  curves  after  every  10  cycles  while  Fig.  4(b)  shows 
changes  to  the  power  densities  during  the  thermal  cycling  tests. 
Fig.  4(c)  and  (d)  displays  Nyquist  plots  and  Bode  plots  of  the  EIS 
after  every  10  cycles,  respectively.  Fig.  4(e)  displays  changes  in  the 
ASR  values  from  the  Nyquist  plots.  After  50  thermal  cycles,  the  cell 
still  exhibited  a  peak  power  density  over  1  W  cm-2  at  600  °C,  which 
is  a  substantially  high  power  output  for  anode-supported  SOFCs 
(Fig.  4(a)).  The  peak  power  density  changed  from  1388  to 
1092  W  cm-2,  and  the  power  density  at  0.7  V  changed  from  1259  to 
990  W  cm-2  over  the  course  of  the  thermal  cycling  tests  (Fig.  4(b)). 
Because  it  took  124  h  to  complete  the  50  thermal  cycles,  the 


Fig.  4.  Cell  performance  change  during  the  thermal  cycling  test:  (a)  I-V-P  curves  after 
every  10  thermal  cycles;  (b)  power  density  changes;  (c)  Nyquist  plots  of  EIS  changes 
after  every  10  thermal  cycles;  (d)  Bode  plots  of  EIS  changes  after  every  10  thermal 
cycles;  and  (e)  ASR  changes. 
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Fig.  5.  (a)  Digital  photographs  of  the  cell  test  components  after  the  cell  test  and  (b)  the  overall  cross-sectional  microstructure  of  the  tested  cell. 


degradation  rate  is  approximately  17%/100  h.  Considering  the 
degradation  rates  of  common  micro-SOFCs  employing  thin-film 
and  nanostructured  components  (>50%/12  h  at  400  °C  [8]),  this 
milestone  represents  substantial  progress.  In  addition,  the  cell  was 
put  through  the  thermal  cycling  test  and  was  kept  at  600  °C  during 
the  holding  time;  these  conditions  are  extremely  harsh  for  thin  film 
and  nanostructured  components.  It  is  certain  that  the  concept  of 
multi-scale  architecture  is  a  valid  approach  to  significantly  improve 
the  thermo-mechanical  stability  of  the  TF-SOFC. 

The  EIS  changes  shown  in  Fig.  4(c)— (e)  indicate  that,  despite 
several  outliers  (e.g.,  the  20th  and  45th  cycles),  a  gradual  degra¬ 
dation  occurred  while  the  thermal  cycling  tests  progressed.  In 
Fig.  4(c),  it  is  noted  that  the  shapes  of  the  Nyquist  plot  do  not 
change  much  as  the  thermal  cycling  tests  progress.  This  indicates 
that  there  is  no  drastic  change  in  the  electrode  reaction  mechanism 
although  the  degradation  progresses.  Bode  plots  shown  in  Fig.  4(d) 
demonstrate  that  the  degradation  of  the  polarization  ASR  in  the 
frequency  range  from  1  to  10  Hz  occurs  faster  than  that  of  other 
frequency  ranges.  This  frequency  range  is  generally  known  to  be 
affected  by  the  gas  transport  [19,24],  but  recent  findings  indicate 
that  especially  for  the  thin-film  processed  cathode  [25-29],  this 
range  is  closely  related  to  the  surface  reaction  of  the  cathode. 
Therefore,  it  is  postulated  that  cathode  degradation,  such  as  the 
coalescence  of  the  particles  of  the  cathode  nano-composite  or  the 
chemical  degradation  of  the  cathode  surface,  could  be  the  major 
factor  that  contributes  to  performance  degradation.  Fig.  4(e)  im¬ 
plies  that  the  degradation  of  the  polarization  ASR  is  more  signifi¬ 
cant  than  that  of  the  ohmic  ASR.  The  slight  increment  in  terms  of 
the  ohmic  ASR  can  be  caused  by  several  reasons,  such  as  the  change 
of  the  contact  loss,  the  interface  adhesion,  and/or  chemical  degra¬ 
dation,  but  it  does  not  affect  the  overall  cell  performance  degra¬ 
dation  as  significant  as  the  electrode  polarization  ASR.  In  a  previous 
work  by  the  authors  19],  it  was  asserted  that  the  most  important 
improvement  to  achieve  ultimate  performance  in  TF-SOFCs  is  to 
develop  electrodes  with  high  performance  to  reduce  the  polariza¬ 
tion  ASR.  The  current  result  shows  that  a  high-quality  electrode  is 
important  not  only  in  terms  of  performance  but  also  for  stability.  To 
attain  suppressed  degradation  of  the  TF-SOFC,  it  is  believed  that  an 
electrode  with  high  thermo-mechanical  stability  is  required. 

Digital  photographs  of  the  cell  test  components  after  the  cell 
test  are  shown  in  Fig.  5(a),  and  the  overall  cross-sectional  micro¬ 
structure  of  the  cell  is  shown  in  Fig.  5(b).  Every  component  survived 
the  harsh  tests  without  drastic  failure  and  came  out  intact.  In  fact, 
this  result  proves  the  survival  capability  of  both  the  TF-SOFC  and 
the  sealant  [30]  during  thermal  cycling;  these  are  two  key  com¬ 
ponents  of  the  actual  SOFC  stack.  Therefore,  it  can  be  asserted  that 
the  current  study  lays  the  groundwork  to  eventually  employ  thin- 
film  and  nanostructured  components  to  practical  working  SOFC 
devices. 


4.  Conclusions 

The  concept  of  multi-scale  architecture  in  TF-SOFCs  not  only 
improves  critical  performance  of  the  anode-supported  SOFC  but 
also  secures  the  thermo-mechanical  stability  of  the  TF-SOFC. 
Competent  cell  performance,  such  as  peak  power  densities  about 
1.4  W  cm-2  at  600  °C,  was  obtained  in  a  TF-SOFC  based  on  an  ul- 
trathin  150-nm-thick  YSZ/450-thick-nm  GDC  bi-layer  electrolyte 
built  on  a  pm-to-nm  multi-scale-architectured  anode  support.  The 
TF-SOFC  survived  50  thermal  cycling  tests  over  the  course  of  124  h 
without  suffering  a  drastic  failure.  The  thermo-mechanical  stability 
of  the  multi-scale-architectured  TF-SOFCs  is  significantly  greater 
when  compared  to  other  TF-SOFCs,  such  as  MEMS-based  micro- 
SOFCs.  Although  this  approach  cannot  be  said  to  be  mature  at  the 
current  stage,  the  present  study  suggests  a  highly  potent  pathway 
towards  practical  employment  of  thin-film  and  nanostructured 
components  in  SOFC  technology. 
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